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Esmaeil Amiri3,4, Corinne Jordan5 and Kaira Wagoner4
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States, 2Biology Department, University of Vermont, Burlington, VT, United States, 3Delta Research
and Extension Center, Mississippi State University, Stoneville, MS, United States, 4Biology Department,
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Pests and pathogens are a primary threat to honey bee (Apis mellifera) colonies

worldwide. Selective breeding for honey bees resistant to these stressors

represents a promising approach for mitigating their impacts on honey bee

health. UBeeO is a novel hygiene-eliciting selection tool that has been used to

identify honey bee colonies that are resistant to the parasitic mite Varroa

destructor, and that are more likely to survive winter without beekeeper

intervention. Here, we used three separate case studies to evaluate the

effectiveness of the UBeeO assay in identifying colonies resist to disease. In

three distinct geographic regions, we measured UBeeO scores along with the

prevalence and load of key fungal and viral honey bee pathogens. We show that

UBeeO can be used to identify colonies resistant to several other diseases,

including the two fungal pathogens chalkbrood (Ascosphaera apis) and

Vairimorpha spp. (previously Nosema), and multiple viruses, all critically

important to honey bee health and survival. Furthermore, we identify potential

UBeeO resistance thresholds for each pathogen, demonstrating an inverse

relationship between pathogen virulence and the minimum UBeeO score

associated with resistance to that pathogen. These findings suggest that

UBeeO-guided selection strategies have the potential to significantly improve

honey bee breeding programs by facilitating identification of resilient and

pathogen-resistant colonies. The broad geographic range of our study sites

underscores the robustness and applicability of UBeeO across varying

environmental contexts. Since honey bees provide essential pollination

services in both natural and agricultural ecosystems, this work has major

implications for environmental health, crop productivity, and food security on

a global scale.
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1 Introduction

The health and productivity of honey bee colonies are profoundly

influenced by their susceptibility to various pathogens. Among these,

viral infections, fungal diseases, and protozoan parasites pose

significant threats, often leading to colony declines and economic

losses in apiculture (Belsky and Joshi, 2019; Grozinger and Flenniken,

2019; Lippert et al., 2021; Popovska Stojanov et al., 2021; Ullah et al.,

2021). With the increasing challenges posed by these pathogens and

the limited availability of treatment options, there is a growing need

for effective management strategies and breeding programs aimed at

enhancing colony resistance to pests and pathogens. One promising

approach is the selection for hygienic behavior in honey bees, which

has been shown to increase disease resistance and improve overall

colony health (Erez et al., 2022; Seltzer et al., 2022, 2023).

Hygienic behavior is the ability of honey bees to detect, uncap,

and remove unhealthy brood from the colony. An important social

immune mechanism, hygienic behavior is thought to improve colony

health and productivity by reducing the spread and proliferation of

various pests and pathogens including Varroa mites, viruses,

microsporidia, and fungi. However, evidence of the efficacy of

hygienic behavior varies widely between studies and across

stressors. For example, some studies link hygienic behavior to

reductions in Varroa loads (Spivak, 1996; Spivak and Reuter, 2001;

Wagoner et al., 2021) deformed wing virus (DWV) loads (Erez et al.,

2022) and the probability of DWV virus outbreak (Mugabi et al.,

2024) while other studies indicate that hygienic behavior does not

predict Varroa resistance (Locke and Fries, 2011; Leclercq et al.,

2018a) and may even contribute to the spread of DWV between

nestmates (Posada-Florez et al., 2021). Selective breeding programs

for hygienic behavior have reported overall declines in Vairimorpha

spp. (Previously Nosema) levels at the apiary level (Ivgin Tunca et al.,

2017), but hygienic behavior has never been found to directly impact

or reduce Vairimorpha spp. loads (Murray et al., 2016). Similarly, in

some studies, hygienic behavior has been shown to reduce the spread

of chalkbrood through early detection of infected larvae and removal

of mummies (Medina-Flores et al., 2022; Invernizzi et al., 2011) while

in other studies, hygienic behavior has shown little impact on

chalkbrood presence or severity (Gerdts et al., 2018).

Likely explanations for the wide variability in reported efficacy

of hygienic behavior against honey bee pests and pathogens include

differences in the assays used to quantify hygiene, and differences in

pest and pathogen virulence between studies. Necrophoresis-based

methods for testing hygienic behavior, like the freeze-killed brood

(FKB) and pin-killed brood (PKB) assays, may not be as reliable at

predicting pest and disease resistance of honey bee colonies (Locke

and Fries, 2011; Leclercq et al., 2018a; Wagoner et al., 2021). This

may be due to differences in the strength and/or makeup of

chemical signals emitted by dead brood (McAfee et al., 2018)

compared to those emitted by unhealthy but living brood (Nazzi

et al., 2004; Wagoner et al., 2019, 2020). Vairimorpha can infect

brood under laboratory conditions (Eiri et al., 2015), but brood
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infections are detected at extremely low frequencies in the field, with

much higher infection levels exhibited in older adults (Smart and

Sheppard, 2012; Urbieta-Magro et al., 2019; Jabal-Uriel et al., 2022).

Therefore, hygienic behavior assays that assess response to dead

brood are unlikely to be effective in selecting for resistance to

Vairimorpha and other non-lethal, non-brood-based pathogens.

In response to inconsistencies in the level of disease resistance

conferred by necrophoresis-based selection, researchers have

highlighted the need for development of an improved hygiene

assay, ideally one which employs a chemical stimulus that closely

mimics the compounds naturally produced by infested and/or

infected pupae (Leclercq et al., 2018a). The same authors point

out the need for establishment of resistance thresholds, or stimulus

response rates beyond which colony resistance to a particular

stressor is achieved (Leclercq et al., 2018b). UBeeO is a novel

hygiene-eliciting selection tool that uses synthetic pheromones

derived from natural semiochemicals emitted from diseased

brood to measure hygienic behavior. Initial studies suggest that

high UBeeO colonies, those that score ≥ 60% on UBeeO tests, have

significantly lower Varroa loads and higher survival rates compared

to low-UBeeO colonies (Wagoner et al., 2021). Despite having a

lower resistance threshold, UBeeO outperformed the FKB assay in

identifying Varroa-resistant colonies capable of winter survival

without mite treatment. While this suggests that UBeeO may be a

promising tool for identifying and selecting colonies with superior

mite resistance traits, no studies have been performed to test or

characterize UBeeO’s ability to predict colony resistance to other

important honey bee stressors. In this study, we investigated the

relationships between UBeeO scores and eight key pathogens

affecting honey bee colony health and survival. Specifically, we

compare colony UBeeO scores and the prevalence and load of six

viral pathogens, the microsporidian parasite Vairimorpha spp., and

the fungus Ascosphaera apis, which causes chalkbrood. For each

pathogen in which load and/or prevalence was predicted by the

UBeeO assay, we calculated a resistance threshold - a minimum

target UBeeO score that breeders should seek to obtain to select

colonies more resistant to that specific pathogen. By analyzing these

relationships, we provide insight regarding the ability of UBeeO to

identify colonies capable of managing pathogen pressures via

hygienic behavior. By investigating three case studies in three

distinct geographic areas, we test UBeeO’s robustness and

applicability across diverse environmental conditions and

beekeeping practices. More broadly, this research contributes to

our understanding of the mechanisms through which hygienic

behavior influences disease resistance and provides valuable

insights for the development of targeted management strategies

aimed at enhancing honey bee health. By using tools like UBeeO to

integrate hygienic traits into breeding programs, beekeepers may

significantly improve honey bee colony resistance to a broad

spectrum of pathogens, increasing the sustainability of the

beekeeping industry and augmenting the contributions of honey

bees to crop and natural ecosystem pollination.
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2 Materials and methods

2.1 UBeeO testing

UBeeO assays were performed as previously described

(Wagoner et al., 2021). Briefly, a brood frame was selected from

each colony. A segment of PVC pipe approximately 4 cm in

diameter was gently pressed and twisted into an area of capped

brood to define the test area. A spray applicator was used to treat the

test area with 0.5mL of the UBeeO solution. Frames were returned

to the colony for two hours, and then recollected. Photos of the test

area were taken at the time of treatment (T0) and after two hours

(T2). For each photo, the number of capped cells that fell ≥ 50%

inside the test area was counted and recorded. Assay scores were

calculated using the equation:

UBeeO   Score = (1 −
capped   cells   at  T2

capped   cells   at  T0
)*100

In previous studies that examined the effect of UBeeO assay

scores on Varroa mite loads, findings showed a high UBeeO

response in colonies that had ≥ 60% manipulated cells (Wagoner

et al., 2021). Here, we used this same metric threshold with colonies

scoring at or above 60% were classified as hygienic or “high

UBeeO”. Colonies scoring below 60% were classified as non-

hygienic or “low UBeeO”. However, UBeeO scores from the

colonies in the chalkbrood study ranged from 0-46%. Through a

visual analysis of the data, we identified 20% as a conservative

estimate when chalkbrood infections were reduced and thus, for the

chalkbrood analyses, we considered colonies above 20%

“high UBeeO”.
2.2 Virus sample collection
and quantification

Twenty-one experimental honey bee colonies were established

by mid-April 2021 at the research apiary of the University of North

Carolina at Greensboro, North Carolina. Experimental colonies

included ten unselected colonies purchased in 2021 as packages

from Triad Bee Supply in Trinity, NC, one Minnesota Hygienic

breeder queen provided in 2021 by Jeff Hull, seven POL queens sent

from the breeding program at the USDA Lab at Baton Rouge, LA in

2021 (n = 5) and 2020 (n = 2), and three Russian queens shipped

from Mann Lake in 2021. UBeeO tests were performed on each

colony in June, no less than 7 weeks post release of caged queens.

Live bee samples were collected in August for RNA virus analysis. A

50 mL Falcon tube was gently dragged down the middle of a brood

frame until filled with bees, and then capped and frozen at -80°C

until analysis.

Before RNA extraction, Varroa mites were removed from

samples of 100 worker bees. The bees were ground using a pestle

and mortar and a pinch (approximately 10-15 mg) of the crushed

material was used to extract RNA. Total RNA was extracted using

an established TRIzol™ (Invitrogen, Carlsbad, CA, USA) protocol.

Concentration and purity of the extracted RNA samples were
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measured using a Nanodrop OneC Microvolume UV-Vis

Spectrophotometer (Thermo Fisher Scientific, MA, USA). The

total RNA concentration was adjusted to 20 ng/μL in molecular

grade water (Fisher Scientific, Fair Lawn, NJ, USA) and cDNA was

synthesized for each sample using the High-Capacity cDNA

Reverse-Transcription Kit (Applied Biosystems, Foster City, CA,

USA). Ten μL of the RNA template (200 ng) were added to 10 μL of

the provided cDNA master mix, followed by an incubation period

as recommended by the manufacturer; 10 min at 25°C, 120 min at

37°C, and 5 min at 85°C. Resulting cDNA solution then diluted 10-

fold in molecular grade water to serve as the template in subsequent

qPCR. The qPCR was conducted in duplicate using 384-well plates

on a QuantStudio™ 6 cycler (Thermo Fisher Scientific). The

reactions were performed using unlabeled primers and SYBR

Green DNA binding dye (Applied Biosystems) with a volume of

12 μL and the final primer concentrations of 0.4 μM. A positive

control of previously known positive sample was run in each plate,

RNase-free water was added as template for the “Not Target

Control” (NTC) and “No Reverse Transcriptase” (NRT) served as

an additional negative control. The quality of the extracted RNA

and the efficiency of the PCR reactions were confirmed by

amplification of the reference gene RPS5. The thermal cycling

conditions were 10 min at 95°C, followed by 40 cycles consisting

of a denaturing stage at 95°C for 15 s and an annealing/extension

stage at 60°C for 1 min. Fluorescence measurements were taken at

the end of each cycle, followed by a final melt curve dissociation to

confirm the specificity of the products. Samples were deemed

positive for a target when their melting temperature was within

0.5°C of the melting temperature of the positive control. The Cq

values were determined at the sample fluorescence threshold (0.03)

for all plates, and a Cq value of 35 or lower was recorded as positive

amplification. Quantitative RT-PCR was performed to detect and

quantify several viruses using previously validated primers

including Deformed wing virus (both type DWV-A, and DWV-

B), Sacbrood virus (SBV), Black queen cell virus (BQCV), Israeli

acute bee paralysis virus (IAPV) and Lake Sinai Viruses (LSV)

(Table 1). Finally, virus load in each sample was quantified using the

absolute quantification method, based on our standard curves

obtained throughout serial dilutions of known numbers of

amplicons as described previously (Francis et al., 2013).
2.3 Vairimorpha sample collection
and quantification

Colonies were randomly selected to be included in the study

across three apiary locations in Vermont: 16 full size colonies

located in W. Pawlet VT, 16 full size colonies located in Cornwall

VT, and 100 nucleus colonies located in St. Albans VT. Colonies

were started in a single 10-frame deep hive body with a medium

honey super in May. Honey supers were added throughout the

season to accommodate colony population growth. Half of the

colonies in Cornwall VT were maintained in one, 8-frame, deep

super with medium honey supers and the other half were

maintained in horizontal hives containing 8 frames for the brood
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chamber. UBeeO tests were performed on full production hives in

early May to late June and on nucleus colonies in August, no earlier

than 6 weeks post requeening. Vairimorpha spp. samples were

collected monthly, starting in late-May for full production colonies,

early-July for nucleus colonies, until late-September for all colonies.

To collect samples for evaluating Vairimorpha spp. infection, a

frame from each colony containing brood and nurse bees was

shaken into a plastic bin, and approximately 300 bees were scooped

into a container filled with 70% ethanol.

To conduct spore counts of Vairimorpha spp., we transferred

100 bees from the ethanol sample to a plastic bag, added 100 mL of

distilled water, and pulverized them using a pestle on the outside of

the bag for 90 s. The solution was allowed to settle for 45 s, and then

10 μL was transferred onto two haemocytometer counting

chambers. We counted spores for each sample twice under 40×

magnification, averaged them, and converted to spores per bee

(Fries et al., 2013).
2.4 Ascosphaera apis (chalkbrood) sample
collection and quantification

Seventy-one colonies were randomly selected for chalkbrood

testing from a single breeding apiary of 200 colonies located in

Carbrook, Queensland Australia. This apiary is part of a 10-year

breeding program aimed at improving hygiene performance and

chalkbrood resistance. Sizes of experimental colonies varied in size

ranging from four-frame nucleus colonies to 10-frame full

production colonies consisting of two deep hive bodies with a

deep super. The colonies’ queens were a mix of instrumentally

inseminated and open mated. Colonies were founded on either new

foundation or gamma irradiated comb. Chalkbrood sampling was
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conducted during January and February 2023, during the rainy

season when colonies were experiencing a nectar dearth and peak

chalkbrood prevalence was expected. UBeeO tests were performed

during December 2022-February 2023, 0-67 days prior to

chalkbrood sample collection. Since UBeeO scores are found to

be more accurate during a nectar flow (Wagoner, unpublished),

supplemental feed of 50% sucrose was provided to each colony 24

hours before and during the UBeeO test.

During each chalkbrood sampling event, individual frames of

each colony were inspected visually for chalkbrood. Data were

collected on the number of frames containing brood and

chalkbrood-infected brood. When chalkbrood was observed, the

total number of cells containing white chalkbrood was counted in

each colony. Chalkbrood infected larvae will transition from white

to a gray-black color during its spore producing state. To collect

data on the severity of chalkbrood infection, the total number of

cells containing spore-producing gray-back larvae were also

counted in each colony.
2.5 Data analysis

All data analyses were conducted in R (v4.2.3) (R Core Team,

2021) All mixed models were constructed using the LME4 package

(Bates et al., 2015). Significance for all main effects and interaction

terms was determined by conducting type II Wald chi-square tests

using the “Anova” function in the CAR package (v3.1-0) (Fox and

Weisberg, 2019). Prevalence was derived from presence/absence

data and describes the proportion of bees or colonies that are

positive for a given pathogen. This was calculated by dividing the

total number of infected by the total sample size for each

experimental group. For all pathogens, “load” or “average load” is
TABLE 1 Primers used for virus quantification.

Source Primer name Primer sequence Product size Reference

DWV-A VDR_DWV_F 5’- GTCTTGTGGATGAAGGTTATATAACTGG 168bp Milone and Tarpy, 2021

VDR_DWV_R 5’- TCCGTAGAAAGCCGAGTTG

DWV-B VDR_VDV1_F 5’- ACCAACGCGTGTCGTTCCTG 108 bp Milone and Tarpy, 2021)

VDR_VDV1_R 5’- ACAAGTGGTTGGTCCCGTCG

BQCV BQCV_F 5’- CGAAGCGTTTTCCGTGG 182bp Milone and Tarpy, 2021

BQCV_R 5’- GCTGTCGAGAGTCAGAGTT

SBV SBV-F 5’- TACGAATCGTGATTCGATTCATT 87bp Milone and Tarpy, 2021

SBV-R 5’- ACGGGTCTGACGCAAC

LSV LSV-F TCATCCCAAGAGAACCACT 120bp Milone and Tarpy, 2021

LSV-R CGCGTGTGCATGGAA

IAPV IAPV-F GCTAATACCAAGACACCAATCACGGACC 58bp Milone and Tarpy, 2021

IAPV-R TCTCGACCCTGAGCATCTGTG

RPS5 RPS5-F 5′-AATTATTTGGTCGCTGGAATTG Evans, 2006

RPS5-R 5′-TAACGTCCAGCAGAATGTGGTA
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used to describe the quantity of individual pathogens (cells/spores/

virions) per bee or colony depending on the scenario.

To test if the prevalence and load of six viruses (DWV-A,

DWV-B, SBV, BQCV, IAPV, and LSV) were correlated with UBeeO

score, while accounting for possible non-independence of the

viruses, we first conducted a series of three MANCOVAs using

the “manyglm” function in the MVABUND package (v4.2.1)

(Wang et al., 2012). The three MANCOVAs tested virus load as a

function of UBeeO score and virus load and prevalence as a

function of a discretized (“high”, “low”) UBeeO variable based on

a published threshold of 60% response (Wagoner et al., 2021).

Continuous data were log-transformed to fit a gaussian distribution

and the binary response model used a binomial distribution. For all

three models, we used an unstructured correlation matrix in the

model, which does not assume independence between response

variables and included Varroa load as a covariate to account for any

correlation with a potential vector.

After verifying a significant effect of UBeeO score on the virus

response variables and no effect of Varroa in our multivariate

analysis, we then repeated these analyses using a univariate

approach to examine the patterns exhibited by each virus

independently. For both prevalence and load, separate models

were created for each virus. For virus prevalence we tested a

binary response variable (presence = 1, absence = 0) using a

generalized linear model (GLM) with a binomial distribution and

a link “logit” function. The binary UBeeO variable was the only

predictor in each model. A similar model structure was used for

virus load data (genome copies/ul) with the exception that a gamma

distribution was used instead of the binomial distribution. We also

examined virus load on a continuous UBeeO scale. For each virus,

we conducted a separate linear model. Virus load data were log10-

transformed with continuous UBeeO score as the only predictor in

each model. Significance for UBeeO score was assessed by

conducting type II Wald chi-square tests using the “Anova”

function in the CAR package (v3.1-0) (Fox and Weisberg, 2019).

For Vairimorpha, we tested prevalence and load between high

and low UBeeO testing colonies. For Vairimorpha prevalence we

examined a binary response variable (presence = 1, absence = 0)

using a generalized linear mixed model (GLMM) with a binomial

distribution and a link “logit” function. The binary UBeeO variable,

month (June-September) and their interaction effect were used as

predictors with apiary yard as a random control variable. The same

model structure was used for the Vairimorpha load data. Because

Vairimorpha load was skewed right, a Gamma distribution was

used with a link “log” function. To identify significant UBeeO

results over the four months of the study, we conducted pairwise

comparisons on significant variables using the MULTCOMP

package (Hothorn et al., 2008). In addition to testing disease

response as a function of a binary UBeeO variable, we examined

Vairimorpha load’s response on a continuous UBeeO scale. Data

from all months were pooled. We constructed a GLMM with

Vairimorpha load modeled using a Gamma distribution with a

link “log” function. UBeeO assay score (manipulated cells/total

cells), month, and their interaction term were used as predictors.
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Apiary site was included as a random control variable. Significance

of all models was assessed by conducting type II Wald chi-square

tests using the “Anova” function in the CAR package (v3.1-0) (Fox

and Weisberg, 2019).

To determine if the number of chalkbrood cells and spore type

(white and black) in a colony were influenced by UBeeO score, we

conducted a GLM with chalkbrood spore count as a function of

chalkbrood type, UBeeO score, and their interaction term. As

chalkbrood spore count was right-skewed integer count data, a

Poisson distribution was used with a link “log” function. To

examine how chalkbrood prevalence and load were influenced by

spore type and UBeeO score we constructed two models. For the

prevalence data we fit a binomial GLM with a link logit function,

and for the load data, we fit a gaussian distribution. We modeled

binary chalkbrood as a function of spore type, discretized UBeeO

score (> 20% = High; < 20% = Low), and their interaction term.

After analyzing pathogens either using a 60% threshold

(Wagoner et al., 2021) or 20%, in the case of chalkbrood, we

wanted a unified approach to further refine UBeeO score

thresholds that confer pathogen resistance for each significant

pathogen. We used change point analysis implemented in the

MCP (Multiple Change Point) package in R (Lindeløv, 2020).

This methodology, traditionally used for identifying changes of

regime in time-series data, is ideally suited for determining UBeeO

thresholds (hereafter called “resistance thresholds” or “thresholds”)

where the processes underlying a dataset have changed resulting in

a differential response of the dependent disease variable. We

identified resistance thresholds for six pathogens that

demonstrated significant inverse relationships with UBeeO score:

DWV-A, DWV-B, IAPV, LSV, Vairimorpha, and chalkbrood. In a

previous paper, the Varroa threshold was identified to be 60%

(Wagoner et al., 2021). Using MCP, we analyzed the Varroa data set

from that study as a benchmark for this new methodology.

For all variables, missing data were removed from the analysis.

For Vairimorpha, chalkbrood, and the viruses, which were all

integer count data, we fit a Poisson model. Varroa count was an

average of multiple counts and as such, was not an integer value.

However, since Varroa load is naturally count data, Varroa load was

rounded and also fit with a Poisson distribution. For all seven

pathogens, raw scatter plots of pathogen load by UBeeO score

indicated an underlying shelf or two plateau structure. As such, the

MCP algorithm was passed a two-segment model. All models were

run for 100,000 iterations. The change point estimate, upper and

lower error boundaries, and scatter plot with posterior distributions

and test segments were recorded. A more detailed account of the

change point analysis along with additional model structures,

underlying distributions, and resultant figures may be found in

the supplementary material (Supplementary Material S1-S2).

Using these pathogen-specific resistance thresholds, we re-

evaluated whether UBeeO status (high or low) predicted the

prevalence and load of each pathogen. All prevalence and load

comparisons were repeated using the same model structures and

methods. For all pathogens, only the cutoff value between high and

low UBeeO score was changed from previous analyses using the
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threshold values found in Table 2. We then determined whether the

new threshold led to an increase or decrease in significance for each

pathogen. As a benchmark, we included Varroa prevalence and load

results (Wagoner et al., 2021) in this comparison with both original

and our newly computed threshold. Varroa count data were

analyzed using a glm fit with a Poisson distribution. Prevalence

data were fit with a binomial distribution. As with all other models,

significance was assessed by conducting type II Wald chi-square

tests using the “Anova” function in the CAR package (v3.1-0) (Fox

and Weisberg, 2019).
3 Results

3.1 Virus prevalence and load

All six viruses searched for were detected in the investigated

colonies. When examining the relationship of these viruses and

UBeeO within a multivariate framework, we found that virus load

decreased with increasing UBeeO score (p < 0.001) but was

unaffected by Varroa load (p = 0.213). 31.8% of variance was

explained by the model. Likewise, for virus prevalence and virus

load, we found that high UBeeO colonies were lower than low UBeeO

colonies (load, p = 0.033; prevalence, p = 0.044). No effect of Varroa

load was detected in either model (p > 0.269). Examining the viruses

individually we found several notable patterns that lead to these

relationships. Compared to low UBeeO colonies, high UBeeO

colonies had lower prevalences of two RNA viruses (DWV-B, p <

0.01; LSV, p < 0.01) with DWV-B not being detected in high UBeeO

colonies. For the remainder of the viruses (DWV-A, SBV, BQCV,

and IAPV), there was no significant difference in virus prevalence

between high and low UBeeO colonies. Compared to low UBeeO

colonies, high UBeeO colonies had significantly lower loads for three

viruses: DWV-A (p < 0.05), DWV-B (p < 0.01), and IAPV (p < 0.01).

Virus loads of SBV, BQCV, and LSV did not differ between high and

low UBeeO colonies (Figure 1). For four of the viruses, significant

negative correlations were found between virus load and UBeeO

score (DWV-A, p = 0.011; DWV-B, p = 0.0002; IAPV, p = 0.007;

LSV, p = 0.0004, Figure 2).
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3.2 Vairimorpha prevalence and load

Varimorpha prevalence ranged from 4.8% - 81.8% across all

colonies and months, peaking in July and decreasing throughout the

remainder of the season. Vairimorpha prevalence did not differ

between high and low UBeeO colonies (p = 0.74). However,

Vairimorpha load was significantly lower in high UBeeO colonies

(p < 0.0001) and decreased more quickly over time (p = 0.002) once

loads reached a threshold of 105 spores/bee (Figure 3). For high

UBeeO colonies, load peaked in July and steadily decreased through

September. For low UBeeO colonies, load peaked in August and

declined by September. Additionally, there was a significant

negative correlation between Vairimorpha load and UBeeO score

(p < 0.0001, Figure 4, Supplementary Figure 6).
3.3 Ascosphaera apis (chalkbrood)
prevalence and intensity

Overall, chalkbrood prevalence was 30.9%. High UBeeO

colonies (> 20% = High; < 20% = Low) (n = 5) had a chalkbrood

prevalence of 20% while low UBeeO colonies (n = 66) had a

prevalence of 31.8%. When we examined only black spores,

prevalences for high and low UBeeO colonies were 0% and

15.2%, respectively. However, there were no significant differences

in prevalence between high and low UBeeO colonies (p = 0.388).

Average load was 4.79 cells/colony and ranged in intensity from 0 -

163 cells/colony. Chalkbrood load decreased significantly as UBeeO

score increased (p = 0.01) with black spores being significantly less

numerous in high UBeeO colonies (p < 0.0001). A significant

interaction term between spore type and UBeeO score indicated

that slopes differed significantly based on spore type (p =

0.0004, Figure 5).
3.4 Resistance thresholds

The resistance threshold estimates for RNA viruses were as

follows: DWV-A: 36.2%, (lower: 32.7%, upper: 39.9%); DWV-B:
TABLE 2 The resistance thresholds for the six pathogens that significantly decreased with increasing UBeeO scores in our study.

Pathogen Resistance
Threshold

Lower Upper Model Structure Distribution

Vairimorpha 69 63 74 Two Plateau Poisson

Chalkbrood 13 13 14 Two Plateau Poisson

Varroa* 52.8 51.6 57 Two Plateau Poisson

DWV-A 36.2 32.7 39.9 Two Plateau Poisson

DWV-B 4.9 0.19 9.5 Two Plateau Poisson

IAPV 19 11 26 Two Plateau Poisson

LSV 40 40 40 Two Plateau Poisson
*The varroa dataset used to derive these values was taken from Wagoner et al., 2021.
Lower and upper describe the uncertainty around each estimate. The model structure indicates the assumed underlying data structure, in this case, a shelf cutoff (two plateau). Count data for all
pathogens were modeled using a Poisson distribution.
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4.9%, (lower: 0.19%, upper: 9.5%); IAPV: 19%, lower: (11%, upper:

26%); and LSV: 40%, (lower and upper: 40%). The resistance

threshold estimate for Vairimorpha was 69% (lower: 63%, upper:

74%). The resistance threshold estimate for chalkbrood was 13%

(lower: 13%, upper: 14%) (Table 2, Figure 6).

When using pathogen-specific thresholds, we found the

prevalence of Varroa, DWV-A, and LSV significantly decreased

in high UBeeO colonies (p = 0.01; p = 0.01; p = 0.02). No effect of

disease prevalence was found for Vairimorpha, chalkbrood, DWV-

B, or IAPV (p > 0.06). The loads of Vairimorpha, Varroa, DWV-A,

DWV-B, IAPV, and LSV significantly decreased in high UBeeO

colonies (p < 0.0001; p < 0.0001; p = 0.0001; p = 0.0004; p = 0.002;

<0.0001). No effect was found for chalkbrood load (p = 0.16)

(Table 3). When comparing high and low UBeeO significance

between our original threshold values (60% or 20%) and the

newly computed pathogen-specific resistance thresholds, we

found that for both load and prevalence the majority of

pathogens increased in significance (lower p-values) with the

introduction of the new thresholds (Table 3). Out of seven

pathogens, analyzed for both prevalence and load (14 models

total), 11 out of 14, 78.6%, increased in significance or had no

change while only 21.4% decreased in significance. 100% of the load

models exhibited increased significance or exhibited no change

when pathogen-specific thresholds were introduced.
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4 Discussion

Our findings underscore the efficacy of UBeeO as a tool for

identifying honey bee colonies with enhanced resistance to RNA

viruses, Vairimorpha, and chalkbrood. These results hold

significant implications for honey bee health management and

breeding programs, as they offer insights into the mechanisms

underlying disease resistance traits and highlight the potential of

targeted selection strategies to mitigate the impact of common

honey bee pathogens on colony health.
4.1 RNA viruses and hygienic behavior

A key finding of this study was the negative correlations

between multiple RNA virus loads and colony UBeeO score.

These inverse relationships suggest a direct link between hygienic

behavior and reduced transmission of viral pathogens, particularly

viral pathogens vectored by the Varroa mite. Varroa mites are

known vectors for several honey bee viruses, including DWV-A,

DWV-B (Highfield et al., 2009; LeConte et al., 2010; Dainat et al.,

2012; Francis et al., 2013; Mondet et al., 2014; Posada-Florez et al.,

2019; Ryabov et al., 2022), BQCV, IAPV (Di Prisco et al., 2011), and

LSV (Faurot-Daniels et al., 2020; Yañez et al., 2020; Shojaei et al.,
FIGURE 1

Prevalence and load of 6 honey bee viruses by UBeeO status (high and low, represented by blue and orange, respectively). Significance level is
shown above the bars, with one asterisk indicating p < 0.05, two asterisks indicating p < 0.01 and “ns” representing non-significant comparisons.
(A) Virus prevalence represents the percent of samples in which virus was detected. Error bars represent a confidence interval generated by sampling
from a binomial distribution parameterized by the number of infected (1) and uninfected (0) colonies for each virus and UBeeO group. (B) Virus load
represents genome copies/bee and was log10 transformed. Horizontal black lines represent the median. Black dots represent outliers.
frontiersin.org

https://doi.org/10.3389/frbee.2025.1509871
https://www.frontiersin.org/journals/bee-science
https://www.frontiersin.org


Alger et al. 10.3389/frbee.2025.1509871
2023). While acaricides can be used to control Varroa mites, there

has been little evidence pointing to their effect on reducing viral

loads in the colony (Locke et al., 2012). High-hygienic colonies,

through their efficient removal of Varroa-infested brood, disrupt

the mite’s reproductive cycle, thereby reducing the overall viral load

and potential spread within the colony (Penn et al., 2022; Ramos-

Cuellar et al., 2022). This suggests that UBeeO- based selective

breeding can reduce the need for Varroa management, as this type

of hygienic selection confers resistance to both Varroa and related

viral pathogens. Since the UBeeO assay relies on stress signals and

viruses induce stress, it is possible that in high scoring UBeeO

colonies, individuals infected with viruses (regardless of whether

they are also parasitized by Varroa) could be identified and

removed. It is assumed that the greater the stress experienced by

the larvae (i.e., the higher the virus titer or virulence), the stronger

the signal they emit. Consequently, higher pathogen load or

virulence results in a stress signal that is more likely to be

detected by a hygienic worker bee on the other side of the cell

cap. Future studies should further examine the relationships

between pathogen load, virulence, brood signaling, and

hygienic response.

In Posada-Florez et al., 2021, cannibalism and trophallaxis led

to DWV transmission, with important implications for hygienic

colonies that remove and cannibalize infected pupae. However, this
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was a cage study, and thus not reflective of the social mechanisms

that may be at play in a honey bee colony. The caged honey bees in

the study were starved and only provided a single food option:

trophallaxis from a nestmate that had cannibalized a DWV-infected

brood. In a colony setting, individuals may avoid engaging in

trophallaxis with a hygienic worker. Given our results combined

with those from the Posada-Florez study, hygienic workers may

reduce overall virus loads by either eliminating more virus from the

colony than they spread to nestmates, or by preventing the spread of

disease to nestmates through some unknown mechanism such as

nestmate avoidance or altruistic self-sacrifice.
4.2 Vairimorpha spp. and hygienic behavior

Our study provides intriguing insights into the relationship

between hygienic behavior and Vairimorpha spp. infection in honey

bee colonies. Hygienic behavior is typically associated with the

reduction of brood disease and has never been found to affect

Vairimorpha prevalence or load. Vairimorpha spp. primarily affects

adult bees under natural field settings, so the act of detecting and

removing diseased brood would appear to have little impact on

Vairimorpha at the colony level. While our prevalence results

suggest that hygiene does not affect a colony’s likelihood of
FIGURE 2

Virus load (genome copies/bee) by UBeeO score for 6 honey bee viruses. Significant (green solid) and non-significant (black hatched) regression
lines represent the line of best fit generated by a linear model. Shaded regions indicate a 95% confidence interval for each virus. No significant effect
of UBeeO score was found for BQCV and SBV (p > 0.54). For the other four viruses, load decreased significantly with increasing UBeeO score (DWV-
A (p = 0.011); DWV-B (p = 0.0002); IAPV (p = 0.007); LSV (p = 0.0004)).
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Vairimorpha exposure, our analysis of pathogen load suggests that

high-UBeeO colonies exhibit reduced Vairimorpha infections

overall. One possible explanation is that, in addition to targeting

unhealthy brood for removal, high UBeeO colonies also target

unhealthy adults. As with unhealthy brood (Nazzi et al., 2004;

Wagoner et al., 2019, 2020), nestmates may be able to detect and

remove sick adult bees based on their altered cuticular

hydrocarbons (Baracchi et al., 2012; Hernandez Lopez et al., 2017;
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Richard et al., 2012). Healthy workers may detect and take action to

remove Vairimorpha-infected bees by killing or forced ejection

from the colony, an idea that is supported by previous work with

Vairimorpha and other stimulants (Biganski et al., 2018; Conroy

and Holman, 2022). High UBeeO colonies may also engage in co-

occurring behaviors that are linked to hygienic behavior

performance, such as reduced trophallaxis or altruistic self-

sacrifice (Rueppell et al., 2010; Pusceddu et al., 2021; Conroy and
FIGURE 3

Vairimorpha prevalence and load by month for high UBeeO high (≥60%, blue) and low UBeeO (<60%, orange) colonies. (A) Vairimorpha prevalence
(infected colonies/total colonies) by UBeeO score over time (month). Error bars represent a confidence interval generated by sampling from a
binomial distribution parameterized by the number of infected (1) and uninfected (0) colonies for each UBeeO group at each month. Vairimorpha
prevalence did not differ between UBeeO status (p = 0.74) (B) Vairimorpha load (spores/bee) by UBeeO score over time (month). Error bars
represent standard error. Vairimorpha load was significantly higher in low UBeeO colonies (p < 0.0001) and on average decreased more slowly over
time (p = 0.002).
FIGURE 4

Vairimorpha load (spores/bee) for all months (June-September) by percent UBeeO score. Green regression line represents the line of best fit
generated by a linear model. Vairimorpha load decreased significantly as UBeeO score increased (p < 0.0001). The shaded region indicates a 95%
confidence interval around the regression line.
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Holman, 2022). The removal or avoidance of contaminated hive

materials including fecal matter or food resources could also

contribute to lower oral transmission of Vairimorpha spores

(Michalczyk and Sokół, 2014) in high UBeeO colonies, but this

possibility has not yet been investigated.

It is plausible that, in addition to social behaviors, high UBeeO

colonies have either enhanced innate immune functions or less

compromised immune systems at the individual level, thereby
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reducing colony susceptibility to Vairimorpha infection. However,

since higher Vairimorpha loads are found in forager bees, an

alternative explanation may be that bees from high UBeeO

colonies are more susceptible to Vairimorpha, causing impaired

flight (Wolf et al., 2014) and navigation (Dussaubat et al., 2013) and

resulting in fewer infected foragers returning to the colony (Kralj

and Fuchs, 2010). These explanations are consistent with our

finding that there is equal prevalence of Vairimorpha spp. among
FIGURE 5

Chalkbrood load as a function of UBeeO score and spore type. Each marker represents one colony. Black and white markers indicate black
(infective) and white chalkbrood spores, respectively. The black solid line and hatched line represent lines of best fit for black spores and white
spores, respectively. The blue line represents the line of best fit for all spores, regardless of type. Chalkbrood decreased significantly as UBeeO score
increased (p = 0.01) with black chalk spores being significantly less numerous in high UBeeO colonies (p < 0.0001).
FIGURE 6

The resistance thresholds for seven honey bee stressors computed using changepoint analysis. The y axis represents UBeeO score in percent. Points
represent the estimate for the resistance threshold. Error bars represent a 95% confidence interval.
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high and low UBeeO colonies, but that high colonies have

significantly lower Vairimorpha spp. pathogen loads over time.

More research is needed to understand mechanisms by which high

UBeeO colonies control Vairimorpha spp. and whether a reduction

in Vairimorpha spp. load in high UBeeO colonies is driven through

individual and/or social immune function.
4.3 Ascosphaera apis (chalkbrood) and
hygienic behavior

This study highlights the role of hygienic behavior in disrupting

the progression and spread of Chalkbrood. Chalkbrood is a fungal

pathogen that affects honey bee brood, and leads to larval death and

colony weakening. By promptly identifying and removing diseased

brood, high-hygienic colonies effectively limit the spread of the

pathogen within the colony, mitigating the impact of chalkbrood on

colony health. Early removal of infected brood prevents the buildup

of infectious spores, thereby reducing the overall severity of

chalkbrood outbreaks within the colony. Hygienic behavior in

chalkbrood infested colonies has been characterized by the early

detection of infected larvae and their quick removal before disease

progression (Invernizzi et al., 2011).A previous study from

Australia found that hygienic behavior as measured by the FKB

assay was not a significant predictor of the presence of chalkbrood

(Gerdts et al., 2018), however the severity of the infection (black

versus white spores) was not considered. It is known that larvae

infected with chalkbrood emit chemical odorants that stimulate

hygienic behavior (Swanson et al., 2009). Hygienic assays based on
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semiochemical signaling rather than necrophoresis may be better at

identifying colonies capable of removing chalkbrood early, and thus

better able to predict colony chalkbrood resistance.
4.4 Resistance thresholds

In most instances, thresholds calculated through change point

analysis derived more accurate representations of resistance

compared to a universal 60% threshold (Table 3). While using a

conservative threshold of 69% would likely identify colonies

resistant to the entire suite of pathogens we examined, beekeepers

may consider using UBeeO thresholds specific to pathogens of

interest. Such a practice would enable beekeepers to identify

colonies resistant to pathogens most relevant to their region and/

or specific to their selection and breeding goals.

Variation in resistance thresholds was observed across honey

bee pathogens, with notably lower thresholds for pathogens more

virulent during the pupal and larval stages of bee development

(Figure 6). For example, for highly virulent chalkbrood, disease

levels drop off in colonies that scored 13% or higher on UBeeO

assays. This contrasts to the less virulent Variamorpha and Varroa,

in which disease levels dropped off at UBeeO scores of 69% and

52.8%, respectively. In an alternative analysis using a series of t-

tests, Wagoner et al., 2021 also estimated the threshold forVarroa at

52%, but ultimately used a conservative and slightly higher

threshold of 60%. In contrast to Varroa and Vairimorpha,

chalkbrood is lethal for honey bee brood and may cause a higher

level of stress earlier in bee development. Presumably, the chemical
TABLE 3 The compared significance between high and low UBeeO colonies for the original threshold and the new derived resistance threshold from
our MCP analysis.

Pathogen Analysis R original R revised P original P revised

Vairimorpha Prevalence 60 69 0.75 0.71

Vairimorpha Load 60 69 0.001 <0.0001

Chalkbrood Prevalence 20 13 0.39 0.06

Chalkbrood Load 20 13 0.37 0.16

Varroa* Prevalence 60 52.8 0.008 0.01

Varroa* Load 60 52.8 <0.0001 <0.0001

DWV-A Prevalence 60 36.2 0.17 0.01

DWV-A Load 60 36.2 0.03 0.0001

DWV-B Prevalence 60 4.9 0.006 0.11

DWV-B Load 60 4.9 0.001 0.0004

IAPV Prevalence 60 19 0.25 0.11

IAPV Load 60 19 0.002 0.002

LSV Prevalence 60 40 0.005 0.02

LSV Load 60 40 0.07 <0.0001
* The varroa dataset used to derive these values was taken from Wagoner et al., 2021.
The “Analysis” column indicates whether the pathogen data are binary (prevalence) or continuous (load). The “R original” and “R revised” show the resistance threshold from the original
analysis and the new derived values, respectively. The “P original” and “P revised” give the respective p-values for each threshold. Bolded p-values represent the lower value between the original
and revised thresholds.
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signals emitted by dying or dead brood are more easily detected by

nurse bees (even in non-hygienic colonies) due to increased signal

strength. Indeed, honey bees show selective, damage dependent

hygienic behavior, and are more likely to perform hygiene on brood

parasitized by ‘virulent’ mites (i.e. mites with high potential to

induce DWV infections) compared to ‘less virulent’mites (i.e. mites

with low potential to induce DWV infections) (Schöning et al.,

2012). The resistance thresholds presented here for RNA viruses

largely reinforce this pattern, with IAPV, a highly virulent virus (de

Miranda et al., 2010; Chen et al., 2014), having a lower threshold

compared to LSV, a virus associated with poor health conditions,

but which primarily results in asymptomatic infections

(Daughenbaugh et al., 2015; Glenny et al., 2017; Faurot-Daniels

et al., 2020; Hou et al., 2023). Significant differences in resistance

thresholds were also observed for the two DWV variants, with a

higher threshold for DWV-A, indicating greater virulence of DWV-

B. This finding further supports the notion that differences in

virulence influence brood signaling and subsequent hygienic

response. However, there is active debate about which DWV

variant is more virulent (McMahon et al., 2016; Mordecai et al.,

2016; Natsopoulou et al., 2017; Gisder et al., 2018; Tehel et al., 2019;

Paxton et al., 2022) with virulence likely related to the presence of

recombinants in a mixed infection (Yañez et al., 2020). It is

important to note that the resistance thresholds presented here

are based on pathogen loads rather than colony performance.

Future studies should confirm these thresholds in other honey

bee populations and investigate the biological relevance of these

thresholds in the context of colony outcomes. For example, further

experiments should be performed to determine whether colonies

that meet the proposed thresholds actually achieve improved health,

increased productivity, and/or higher survival rates.
4.5 Implications for honey bee
health management

This study reveals multiple potential benefits of the

incorporation of UBeeO-based selection into honey bee breeding

programs. By selecting for high UBeeO scores, beekeepers may be

able to enhance colony resistance to a broad range of pathogens,

including RNA viruses, microsporidian parasites, and fungal

diseases. Preventing disease through selective breeding reduces

the need for chemical treatments and offers a holistic method for

improving colony health and resilience, potentially leading to more

sustainable and productive beekeeping practices.

Our study highlights the application of UBeeO as a tool for

identifying colonies with reduced pathogen prevalence and loads.

However, we did not explore the specific mechanisms responsible

for resistance. The observed benefits of high-hygienic behavior

underscore the importance of continued research into the

mechanisms by which hygiene influences disease resistance.

Future studies should explore the genetic basis of hygienic

behavior and its interactions with other factors influencing honey
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bee health. Moreover, expanding the application of UBeeO across

different environmental conditions and beekeeping practices will be

crucial in validating the tool’s effectiveness at optimizing

breeding strategies.

It is important to note that this study did not control for the level or

presence of diseases in the colonies, which may influence hygienic

behavior. Colonies already affected by disease could potentially become

acclimated to the stress cues emitted by infected brood, leading to a

diminished response to UBeeO. However, it is also possible that

exposure to natural diseases could lead to increased recruitment of

individuals performing hygienic tasks, and thus augmented response to

UBeeO. While our findings suggest a strong positive relationship

between colony hygienic response to UBeeO and colony health, and

this study was correlative in nature and future studies are needed to

improve our understanding of the effects that disease and other

stressors have on colony hygiene performance. This study highlights

the multifaceted advantages of selecting for hygienic behavior in honey

bees. By leveraging tools like UBeeO to identify and breed colonies with

enhanced disease resistance, beekeepers can improve the overall health

and productivity of honey bee populations, contributing to the

sustainability of apiculture and the productivity of pollinator-

dependent crops worldwide.
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